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Figure 9: The observed (solid) local p0 as a function of mH in the
low mass range. The dashed curve shows the expected local p0 under
the hypothesis of a SM Higgs boson signal at that mass with its ±1σ
band. The horizontal dashed lines indicate the p-values corresponding
to significances of 1 to 6 σ.

9.3. Characterising the excess
The mass of the observed new particle is esti-

mated using the profile likelihood ratio λ(mH) for
H→ZZ(∗)→ 4# and H→ γγ, the two channels with the
highest mass resolution. The signal strength is al-
lowed to vary independently in the two channels, al-
though the result is essentially unchanged when re-
stricted to the SM hypothesis µ = 1. The leading
sources of systematic uncertainty come from the elec-
tron and photon energy scales and resolutions. The re-
sulting estimate for the mass of the observed particle is
126.0 ± 0.4 (stat) ± 0.4 (sys) GeV.
The best-fit signal strength µ̂ is shown in Fig. 7(c) as

a function of mH . The observed excess corresponds to
µ̂ = 1.4 ± 0.3 for mH = 126GeV, which is consistent
with the SM Higgs boson hypothesis µ = 1. A sum-
mary of the individual and combined best-fit values of
the strength parameter for a SM Higgs boson mass hy-
pothesis of 126GeV is shown in Fig. 10, while more
information about the three main channels is provided
in Table 7.
In order to test which values of the strength and

mass of a signal hypothesis are simultaneously consis-
tent with the data, the profile likelihood ratio λ(µ,mH) is
used. In the presence of a strong signal, it will produce
closed contours around the best-fit point (µ̂, m̂H), while
in the absence of a signal the contours will be upper
limits on µ for all values of mH .
Asymptotically, the test statistic −2 ln λ(µ,mH) is dis-

tributed as a χ2 distribution with two degrees of free-
dom. The resulting 68% and 95% CL contours for the
H→ γγ and H→WW (∗)→ #ν#ν channels are shown in
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Figure 10: Measurements of the signal strength parameter µ for
mH=126GeV for the individual channels and their combination.

Fig. 11, where the asymptotic approximations have been
validated with ensembles of pseudo-experiments. Sim-
ilar contours for the H→ ZZ(∗)→ 4# channel are also
shown in Fig. 11, although they are only approximate
confidence intervals due to the smaller number of can-
didates in this channel. These contours in the (µ,mH)
plane take into account uncertainties in the energy scale
and resolution.
The probability for a single Higgs boson-like particle

to produce resonant mass peaks in the H→ ZZ(∗)→ 4#
and H→ γγ channels separated by more than the ob-
served mass difference, allowing the signal strengths to
vary independently, is about 20%.
The contributions from the different production

modes in the H→ γγ channel have been studied in order
to assess any tension between the data and the ratios of
the production cross sections predicted in the Standard
Model. A new signal strength parameter µi is introduced
for each production mode, defined by µi = σi/σi,SM. In
order to determine the values of (µi, µ j) that are simul-
taneously consistent with the data, the profile likelihood
ratio λ(µi, µ j) is used with the measured mass treated as
a nuisance parameter.
Since there are four Higgs boson productionmodes at

the LHC, two-dimensional contours require either some
µi to be fixed, or multiple µi to be related in some way.
Here, µggF and µtt̄H have been grouped together as they
scale with the tt̄H coupling in the SM, and are denoted
by the common parameter µggF+tt̄H . Similarly, µVBF and
µVH have been grouped together as they scale with the
WWH/ZZH coupling in the SM, and are denoted by the
common parameter µVBF+VH . Since the distribution of
signal events among the 10 categories of the H→ γγ
search is sensitive to these factors, constraints in the
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Stop searches are key
Not your advisor’s MSSM?

eg NMSSM, MRSSM, 
Stealth SUSY, RPV,
(X)MSSM...
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Quadratic divergences in the Higgs sector

If the Higgs is composite these loops are cutoff at the 
compositeness scale.

New strong dynamics!
Higgs is composite, a PNGB
New states

[Georgi, Kaplan]
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•Technicolor
•Top colour
•Composite Higgs
•Randall Sundrum
•Little Higgs
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SU(2)L ⇥ U(1)Y on the ultraviolet (UV) brane and to SO(4) ⇥ U(1) on the infrared (IR) brane.
The coset SO(5)/SO(4) provides four Goldstone bosons, one of which is the physical Higgs boson
and the three remaining ones are eaten by the massive SM vector bosons. The Higgs couplings
to gauge bosons and its self-interactions are modified compared to the SM, and the modification
factors can be expressed in terms of the parameter ⇠. The Higgs Yukawa couplings and the form
of the Higgs potential of the low-energy e↵ective theory depend on the way the SM fermions are
embedded into representations of the bulk symmetry. In the second part of this work we refer to
the model MCHM5 [22] where the fermions transform in the fundamental representation of SO(5).
An alternative realization of the SO(5)/SO(4) composite Higgs, denoted by MCHM4, contains
fermions embedded into the spinorial representation [21] (for more details see App. B). In this case,
however, large corrections to the ZbLbL coupling are present and rule out an important part of
the parameter space [24]. In contrast, if fermions are embedded into the fundamental or adjoint
representation of SO(5), the custodial symmetry of the strong sector includes a left-right parity,
which protects the ZbLbL coupling from receiving tree-level corrections [25].

Another useful description of the low-energy theory is given by an e↵ective chiral Lagrangian
where the SU(2)⇥U(1)Y symmetry is nonlinearly realized. The Goldstone bosons ⇡a (a = 1, 2, 3)
providing the longitudinal degrees of freedom of the W± and Z bosons are introduced by means of
the field

⌃(x) = ei�
a⇡a(x)/v , (5)

where v ' 246GeV and �a are the Pauli matrices. The field ⌃ transforms linearly under SU(2)L⇥
SU(2)R. Introducing a scalar field h, assumed to transform as a singlet under the custodial sym-
metry, leads to the following e↵ective Lagrangian [19]

L =
1

2
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, (6)

with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation

5

Leads to corrections to Higgs properties

Parameters SILH MCHM5, no light resonances

a 1� (cH � cr/2) ⇠/2
p
1� ⇠

b 1 + (cr � 2cH) ⇠ 1� 2⇠

b3 (cr � 2cH)2 ⇠/3 �4
3⇠
p
1� ⇠

c 1� (cH/2 + cy) ⇠
1�2⇠p
1�⇠

c2 �(cH + 3cy + cr/4) ⇠/2 �2⇠

d3 1 + (c6 � cr/4� 3cH/2) ⇠ 1�2⇠p
1�⇠

d4 1 + (6c6 � 25cH/3� 11cr/6) ⇠
1�28⇠(1�⇠)/3

1�⇠

kg = k2g 3cg(y2t /g
2
⇢)⇠ 0

k� 2c�(g2/g2⇢)⇠ 0

Table 1: Values of the couplings of the e↵ective Lagrangian Eq. (6) in the SILH framework (with cT = 0) and
for MCHM5 with no anomalously light fermionic resonances (the latter are taken from Ref. [26]). The values
of the SILH parameters in MCHM5 are, in the ‘natural’ basis for the nonlinear �-model where cr = �4 cH
and neglecting e↵ects of fermion resonances, cH = 1/3, cr = �4/3, cy = 4/3, c6 = �4/3 .

of the cross sections of single and Higgs pair production via gluon fusion at the LHC as well as of
the partial width of the decay h ! �� . We will adopt a model-independent approach and compute
these quantities in terms of the parameters of the e↵ective Lagrangians defined in Section 2, Eqs. (1)
and (6), putting special emphasis on the former, namely the SILH description. Our analysis extends
the results of Refs. [10,27] to Higgs pair production in gluon fusion, and also includes a discussion
of corrections to the LET approximation arising from higher order terms in the 1/M expansion,
where M is the mass of the generic heavy particle running in the loops. Notice that the LET can
be extended to 2-loop order to include the leading QCD corrections, see for example Ref. [7] for
applications in the SM. However, our discussion will be mainly limited to couplings at the leading
1-loop order.

3.1 Higgs interactions with gluons

According to the LET the interactions of the physical Higgs boson with gluons, mediated by loops
of heavy coloured particles, can be obtained by treating the Higgs H as a background field and
taking the field-dependent mass of each heavy particle as a threshold for the running of the QCD
gauge coupling.1 Assuming the heavy particles to transform in the fundamental representation of
SU(3)c one obtains the following e↵ective Lagrangian

Leff =
g2s

64⇡2
Ga

µ⌫G
aµ⌫

X

pi

�bpi logm
2
pi(H) , (7)

where �b = 2/3 if particle pi is a Dirac fermion, and �b = 1/6 if it is a complex scalar. In this paper
we will focus only on the e↵ects of the heavy fermion sector, which in composite Higgs models

1Throughout the paper, we will denote by H both the Higgs doublet and the scalar field with hHi 6= 0 , as it will
always be clear from the context which one we are referring to. On the other hand, h denotes the physical Higgs
field.

6

[Gillioz et al, 
1206.7120]
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where M is the mass of the generic heavy particle running in the loops. Notice that the LET can
be extended to 2-loop order to include the leading QCD corrections, see for example Ref. [7] for
applications in the SM. However, our discussion will be mainly limited to couplings at the leading
1-loop order.

3.1 Higgs interactions with gluons

According to the LET the interactions of the physical Higgs boson with gluons, mediated by loops
of heavy coloured particles, can be obtained by treating the Higgs H as a background field and
taking the field-dependent mass of each heavy particle as a threshold for the running of the QCD
gauge coupling.1 Assuming the heavy particles to transform in the fundamental representation of
SU(3)c one obtains the following e↵ective Lagrangian

Leff =
g2s

64⇡2
Ga

µ⌫G
aµ⌫

X

pi

�bpi logm
2
pi(H) , (7)

where �b = 2/3 if particle pi is a Dirac fermion, and �b = 1/6 if it is a complex scalar. In this paper
we will focus only on the e↵ects of the heavy fermion sector, which in composite Higgs models

1Throughout the paper, we will denote by H both the Higgs doublet and the scalar field with hHi 6= 0 , as it will
always be clear from the context which one we are referring to. On the other hand, h denotes the physical Higgs
field.
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SU(2)L ⇥ U(1)Y on the ultraviolet (UV) brane and to SO(4) ⇥ U(1) on the infrared (IR) brane.
The coset SO(5)/SO(4) provides four Goldstone bosons, one of which is the physical Higgs boson
and the three remaining ones are eaten by the massive SM vector bosons. The Higgs couplings
to gauge bosons and its self-interactions are modified compared to the SM, and the modification
factors can be expressed in terms of the parameter ⇠. The Higgs Yukawa couplings and the form
of the Higgs potential of the low-energy e↵ective theory depend on the way the SM fermions are
embedded into representations of the bulk symmetry. In the second part of this work we refer to
the model MCHM5 [22] where the fermions transform in the fundamental representation of SO(5).
An alternative realization of the SO(5)/SO(4) composite Higgs, denoted by MCHM4, contains
fermions embedded into the spinorial representation [21] (for more details see App. B). In this case,
however, large corrections to the ZbLbL coupling are present and rule out an important part of
the parameter space [24]. In contrast, if fermions are embedded into the fundamental or adjoint
representation of SO(5), the custodial symmetry of the strong sector includes a left-right parity,
which protects the ZbLbL coupling from receiving tree-level corrections [25].

Another useful description of the low-energy theory is given by an e↵ective chiral Lagrangian
where the SU(2)⇥U(1)Y symmetry is nonlinearly realized. The Goldstone bosons ⇡a (a = 1, 2, 3)
providing the longitudinal degrees of freedom of the W± and Z bosons are introduced by means of
the field

⌃(x) = ei�
a⇡a(x)/v , (5)

where v ' 246GeV and �a are the Pauli matrices. The field ⌃ transforms linearly under SU(2)L⇥
SU(2)R. Introducing a scalar field h, assumed to transform as a singlet under the custodial sym-
metry, leads to the following e↵ective Lagrangian [19]

L =
1

2
(@µh)

2 � V (h) +
v2

4
Tr
h

(Dµ⌃)
†Dµ⌃
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v
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v3
+ · · ·

◆

� vp
2
(ūiLd̄

i
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

1 + c
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v
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h2

v2
+ · · ·

�

 

yuij u
j
R
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R

!
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2
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h h
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✓

m2
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◆
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✓

m2
h

8v2

◆

h4 + · · · ,

L(4) =
g2s

48⇡2
Gµ⌫ aGa

µ⌫

✓

kg
h

v
+

1

2
k2g

h2

v2
+ . . .

◆

+
e2

32⇡2
Fµ⌫F

µ⌫

✓

k�
h

v
+ . . .

◆

, (6)

with the mass of the scalar given by mh. In Eq. (6) we have introduced the higher-dimensional
couplings kg, k2g, k� , which are mediated at loop level by strong sector resonances. The Higgs
couplings to fermions, c, c2, ..., are assumed to be flavor-diagonal, so that MFV is realized. In
Table 1 the values of the couplings in the e↵ective Lagrangian Eq. (6) are listed in the SILH
approach and in the holographic Higgs model MCHM5. The SM with an elementary Higgs boson
corresponds to a = b = c = d3 = d4 = 1, c2 = b3 = kg = k2g = k� = 0 and vanishing higher order
terms in h.

3 Applying the Higgs Low-energy Theorem

In this section we discuss applications of the Higgs Low-energy Theorem [6,7] in composite models.
The LET allows one to obtain the leading interactions of the Higgs boson with gluons and photons
arising from loops of heavy particles. By heavy particles we mean here both SM states (W and top)
and new states belonging to the composite sector. These couplings are needed in the computation

5

Leads to corrections to Higgs properties

Parameters SILH MCHM5, no light resonances

a 1� (cH � cr/2) ⇠/2
p
1� ⇠

b 1 + (cr � 2cH) ⇠ 1� 2⇠

b3 (cr � 2cH)2 ⇠/3 �4
3⇠
p
1� ⇠

c 1� (cH/2 + cy) ⇠
1�2⇠p
1�⇠

c2 �(cH + 3cy + cr/4) ⇠/2 �2⇠

d3 1 + (c6 � cr/4� 3cH/2) ⇠ 1�2⇠p
1�⇠

d4 1 + (6c6 � 25cH/3� 11cr/6) ⇠
1�28⇠(1�⇠)/3

1�⇠

kg = k2g 3cg(y2t /g
2
⇢)⇠ 0

k� 2c�(g2/g2⇢)⇠ 0

Table 1: Values of the couplings of the e↵ective Lagrangian Eq. (6) in the SILH framework (with cT = 0) and
for MCHM5 with no anomalously light fermionic resonances (the latter are taken from Ref. [26]). The values
of the SILH parameters in MCHM5 are, in the ‘natural’ basis for the nonlinear �-model where cr = �4 cH
and neglecting e↵ects of fermion resonances, cH = 1/3, cr = �4/3, cy = 4/3, c6 = �4/3 .

of the cross sections of single and Higgs pair production via gluon fusion at the LHC as well as of
the partial width of the decay h ! �� . We will adopt a model-independent approach and compute
these quantities in terms of the parameters of the e↵ective Lagrangians defined in Section 2, Eqs. (1)
and (6), putting special emphasis on the former, namely the SILH description. Our analysis extends
the results of Refs. [10,27] to Higgs pair production in gluon fusion, and also includes a discussion
of corrections to the LET approximation arising from higher order terms in the 1/M expansion,
where M is the mass of the generic heavy particle running in the loops. Notice that the LET can
be extended to 2-loop order to include the leading QCD corrections, see for example Ref. [7] for
applications in the SM. However, our discussion will be mainly limited to couplings at the leading
1-loop order.

3.1 Higgs interactions with gluons

According to the LET the interactions of the physical Higgs boson with gluons, mediated by loops
of heavy coloured particles, can be obtained by treating the Higgs H as a background field and
taking the field-dependent mass of each heavy particle as a threshold for the running of the QCD
gauge coupling.1 Assuming the heavy particles to transform in the fundamental representation of
SU(3)c one obtains the following e↵ective Lagrangian

Leff =
g2s

64⇡2
Ga

µ⌫G
aµ⌫

X

pi

�bpi logm
2
pi(H) , (7)

where �b = 2/3 if particle pi is a Dirac fermion, and �b = 1/6 if it is a complex scalar. In this paper
we will focus only on the e↵ects of the heavy fermion sector, which in composite Higgs models

1Throughout the paper, we will denote by H both the Higgs doublet and the scalar field with hHi 6= 0 , as it will
always be clear from the context which one we are referring to. On the other hand, h denotes the physical Higgs
field.
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Figure 6: Isocurves of discovery luminosity (in fb�1) at the 14 TeV LHC in the plane (c2, d3) for c = 1
(on the left) and in the plane (c, c2) for d3 = c (on the right). Outside each contour, the pp ! hh ! ��bb̄
signal can be discovered with the corresponding integrated luminosity. In both plots the Higgs mass is set
to m

h

= 120GeV and the Higgs decay branching ratios are fixed to their SM values. See the Appendix for
the definition of discovery luminosity.

on the left and on the right show the luminosity contours respectively in the plane (c2, d3) for

c = 1, and in the plane (c, c2) for d3 = c. As expected, the sensitivity on c and c2 is stronger than

that on the Higgs trilinear coupling d3. In particular, while a discovery in the SM would require

at least 1200 fb�1, we find that much lower luminosities are su�cient even for moderately small

values of c2. Figure 7 shows the corresponding discovery luminosity in the composite Higgs models

MCHM4 and MCHM5 as a function of ⇠. We find that values of ⇠ as small as 0.15 can be probed

with 300 fb�1 of integrated luminosity. Compared to other processes like double Higgs production

via vector boson fusion [31], these results show that gg ! hh can be extremely powerful to study

the non-linear couplings of a composite Higgs and thus probe its strong interactions.

Once a discovery is established, one can measure the couplings c2 and d3 by using the value of

c and of the Higgs branching ratios determined in single-Higgs processes. The left plot of Fig. 8

shows the region of 68% probability in the plane (c2, d3) with 300, 600 and 1200 fb�1 (light, medium

and dark blue regions) obtained by injecting the SM signal (c = d3 = 1, c2 = 0). 6 In this case

the precision on c2 is poor even with 1200 fb�1, while d3 is basically unconstrained. A much

6That is: the rate of observed events is assumed to be that predicted in the SM with mh = 120GeV.
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [32], although they can be numerically important when the top or bottom degree of

compositeness becomes large [33]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [34, 32] and explained in Ref. [33]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 35]. In particular, m
h

' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [30]. The code will be made public with the next o�cial release of ALPGEN, and it allows

one to compute the total cross section and di↵erential distributions, as well as to generate events for

an arbitrary choice of the Higgs couplings c, d3, c2. The validation of the code has been performed

by means of an independent C++ program linked to the QCDLoop [36] and to the LHAPDF

routines [37]. All the results reported in the following have been derived by use of the ALPGEN

matrix element calculation with CTEQ6l parton distribution functions and renormalization and

factorization scales Q = m(hh). The top quark mass has been set to m
t

= 173 GeV.

The amplitude of each diagram in Fig. 1 is characterized by a di↵erent energy scaling at large
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Figure 6: Isocurves of discovery luminosity (in fb�1) at the 14 TeV LHC in the plane (c2, d3) for c = 1
(on the left) and in the plane (c, c2) for d3 = c (on the right). Outside each contour, the pp ! hh ! ��bb̄
signal can be discovered with the corresponding integrated luminosity. In both plots the Higgs mass is set
to m

h

= 120GeV and the Higgs decay branching ratios are fixed to their SM values. See the Appendix for
the definition of discovery luminosity.

on the left and on the right show the luminosity contours respectively in the plane (c2, d3) for

c = 1, and in the plane (c, c2) for d3 = c. As expected, the sensitivity on c and c2 is stronger than

that on the Higgs trilinear coupling d3. In particular, while a discovery in the SM would require

at least 1200 fb�1, we find that much lower luminosities are su�cient even for moderately small

values of c2. Figure 7 shows the corresponding discovery luminosity in the composite Higgs models

MCHM4 and MCHM5 as a function of ⇠. We find that values of ⇠ as small as 0.15 can be probed

with 300 fb�1 of integrated luminosity. Compared to other processes like double Higgs production

via vector boson fusion [31], these results show that gg ! hh can be extremely powerful to study

the non-linear couplings of a composite Higgs and thus probe its strong interactions.

Once a discovery is established, one can measure the couplings c2 and d3 by using the value of

c and of the Higgs branching ratios determined in single-Higgs processes. The left plot of Fig. 8

shows the region of 68% probability in the plane (c2, d3) with 300, 600 and 1200 fb�1 (light, medium

and dark blue regions) obtained by injecting the SM signal (c = d3 = 1, c2 = 0). 6 In this case

the precision on c2 is poor even with 1200 fb�1, while d3 is basically unconstrained. A much

6That is: the rate of observed events is assumed to be that predicted in the SM with mh = 120GeV.
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Figure 1: Feynman diagrams for double Higgs production via gluon fusion (an additional contribution comes
from the crossing of the box diagram). The last diagram contains the new non-linear Higgs interaction tt̄hh.

to these expressions. In the following we will neglect these e↵ects since they are parametrically

subleading [32], although they can be numerically important when the top or bottom degree of

compositeness becomes large [33]. This is especially justified considering that in minimal composite

Higgs models with partial compositeness these additional corrections to the couplings do not a↵ect

the gg ! h rate because they are exactly canceled by the contribution from loops of heavy fermions,

as first observed in Refs. [34, 32] and explained in Ref. [33]. For double Higgs production we

expect this cancellation to occur only in the limit of vanishing momentum of the Higgs external

lines. In general, numerically important contributions might come from light top partners (light

custodians). In models with partial compositeness, where the dominant contribution to the Higgs

potential comes from top loops, the presence of light fermionic resonances is essential to obtain

a light Higgs [28, 35]. In particular, m
h

' 120 � 130 GeV requires top partners around or below

1 TeV. It would be interesting to analyze in detail their e↵ects on double Higgs production.

3 Double Higgs production via gluon fusion

In the scenario we are considering, the leading-order contributions to the process gg ! hh come

from Feynman diagrams containing a top-quark loop. The three relevant diagrams are shown

in Fig. 1, and can be computed by using the results of Ref. [21]. We have implemented the

automatic computation of the matrix element as one of the processes of the ALPGEN MonteCarlo

generator [30]. The code will be made public with the next o�cial release of ALPGEN, and it allows

one to compute the total cross section and di↵erential distributions, as well as to generate events for

an arbitrary choice of the Higgs couplings c, d3, c2. The validation of the code has been performed

by means of an independent C++ program linked to the QCDLoop [36] and to the LHAPDF

routines [37]. All the results reported in the following have been derived by use of the ALPGEN

matrix element calculation with CTEQ6l parton distribution functions and renormalization and

factorization scales Q = m(hh). The top quark mass has been set to m
t

= 173 GeV.

The amplitude of each diagram in Fig. 1 is characterized by a di↵erent energy scaling at large

5

h h

g g

t

h h

h

g g

t

h h

g g

t

F
ig
u
re

1:
F
ey
n
m
an

d
ia
gr
am

s
fo
r
d
ou

b
le
H
ig
gs

p
ro
d
u
ct
io
n
vi
a
gl
u
on

fu
si
on

(a
n
ad

d
it
io
n
al

co
nt
ri
b
u
ti
on

co
m
es

fr
om

th
e
cr
os
si
n
g
of

th
e
b
ox

d
ia
gr
am

).
T
h
e
la
st

d
ia
gr
am

co
nt
ai
n
s
th
e
n
ew

n
on

-l
in
ea
r
H
ig
gs

in
te
ra
ct
io
n
tt̄
h
h
.

to
th
es
e
ex
p
re
ss
io
n
s.

In
th
e
fo
ll
ow

in
g
w
e
w
il
l
n
eg
le
ct

th
es
e
e↵

ec
ts

si
n
ce

th
ey

ar
e
p
ar
am

et
ri
ca
ll
y

su
b
le
ad

in
g
[3
2]
,
al
th
ou

gh
th
ey

ca
n
b
e
nu

m
er
ic
al
ly

im
p
or
ta
nt

w
h
en

th
e
to
p
or

b
ot
to
m

d
eg
re
e
of

co
m
p
os
it
en

es
s
b
ec
om

es
la
rg
e
[3
3]
.
T
h
is
is
es
p
ec
ia
ll
y
ju
st
ifi
ed

co
n
si
d
er
in
g
th
at

in
m
in
im

al
co
m
p
os
it
e

H
ig
gs

m
od

el
s
w
it
h
p
ar
ti
al

co
m
p
os
it
en

es
s
th
es
e
ad

d
it
io
n
al

co
rr
ec
ti
on

s
to

th
e
co
u
p
li
n
gs

d
o
n
ot

a↵
ec
t

th
e
g
g
!

h
ra
te

b
ec
au

se
th
ey

ar
e
ex
ac
tl
y
ca
n
ce
le
d
by

th
e
co
nt
ri
b
u
ti
on

fr
om

lo
op

s
of

h
ea
vy

fe
rm

io
n
s,

as
fi
rs
t
ob

se
rv
ed

in
R
ef
s.

[3
4,
32

]
an

d
ex
p
la
in
ed

in
R
ef
.
[3
3]
.

F
or

d
ou

b
le

H
ig
gs

p
ro
d
u
ct
io
n

w
e

ex
p
ec
t
th
is

ca
n
ce
ll
at
io
n
to

oc
cu

r
on

ly
in

th
e
li
m
it

of
va
n
is
h
in
g
m
om

en
tu
m

of
th
e
H
ig
gs

ex
te
rn
al

li
n
es
.
In

ge
n
er
al
,
nu

m
er
ic
al
ly

im
p
or
ta
nt

co
nt
ri
b
u
ti
on

s
m
ig
ht

co
m
e
fr
om

li
gh

t
to
p
p
ar
tn
er
s
(l
ig
ht

cu
st
od

ia
n
s)
.
In

m
od

el
s
w
it
h
p
ar
ti
al

co
m
p
os
it
en

es
s,

w
h
er
e
th
e
d
om

in
an

t
co
nt
ri
b
u
ti
on

to
th
e
H
ig
gs

p
ot
en
ti
al

co
m
es

fr
om

to
p
lo
op

s,
th
e
p
re
se
n
ce

of
li
gh

t
fe
rm

io
n
ic

re
so
n
an

ce
s
is

es
se
nt
ia
l
to

ob
ta
in

a
li
gh

t
H
ig
gs

[2
8,
35

].
In

p
ar
ti
cu

la
r,

m
h

'
12

0
�

13
0
G
eV

re
qu

ir
es

to
p
p
ar
tn
er
s
ar
ou

n
d
or

b
el
ow

1
T
eV

.
It

w
ou

ld
b
e
in
te
re
st
in
g
to

an
al
yz
e
in

d
et
ai
l
th
ei
r
e↵

ec
ts

on
d
ou

b
le

H
ig
gs

p
ro
d
u
ct
io
n
.

3
D
o
u
b
le

H
ig
g
s
p
ro

d
u
ct
io
n

v
ia

g
lu
o
n

fu
si
o
n

In
th
e
sc
en

ar
io

w
e
ar
e
co
n
si
d
er
in
g,

th
e
le
ad

in
g-
or
d
er

co
nt
ri
b
u
ti
on

s
to

th
e
p
ro
ce
ss

g
g
!

h
h
co
m
e

fr
om

F
ey
n
m
an

d
ia
gr
am

s
co
nt
ai
n
in
g
a
to
p
-q
u
ar
k

lo
op

.
T
h
e
th
re
e
re
le
va
nt

d
ia
gr
am

s
ar
e
sh
ow

n

in
F
ig
.
1,

an
d

ca
n

b
e
co
m
p
u
te
d

by
u
si
n
g
th
e
re
su
lt
s
of

R
ef
.
[2
1]
.

W
e
h
av
e
im

p
le
m
en
te
d

th
e

au
to
m
at
ic

co
m
p
u
ta
ti
on

of
th
e
m
at
ri
x
el
em

en
t
as

on
e
of

th
e
p
ro
ce
ss
es

of
th
e
A
L
P
G
E
N

M
on

te
C
ar
lo

ge
n
er
at
or

[3
0]
.
T
h
e
co
d
e
w
il
lb

e
m
ad

e
p
u
b
li
c
w
it
h
th
e
n
ex
t
o�

ci
al

re
le
as
e
of

A
L
P
G
E
N
,a

n
d
it
al
lo
w
s

on
e
to

co
m
p
u
te

th
e
to
ta
l
cr
os
s
se
ct
io
n
an

d
d
i↵
er
en
ti
al

d
is
tr
ib
u
ti
on

s,
as

w
el
l
as

to
ge
n
er
at
e
ev
en
ts

fo
r

an
ar
b
it
ra
ry

ch
oi
ce

of
th
e
H
ig
gs

co
u
p
li
n
gs

c,
d
3
,
c 2
.
T
h
e
va
li
d
at
io
n
of

th
e
co
d
e
h
as

b
ee
n
p
er
fo
rm

ed

by
m
ea
n
s
of

an
in
d
ep

en
d
en
t
C
+
+

p
ro
gr
am

li
n
ke
d

to
th
e
Q
C
D
L
oo

p
[3
6]

an
d

to
th
e
L
H
A
P
D
F

ro
u
ti
n
es

[3
7]
.
A
ll
th
e
re
su
lt
s
re
p
or
te
d
in

th
e
fo
ll
ow

in
g
h
av
e
b
ee
n
d
er
iv
ed

by
u
se

of
th
e
A
L
P
G
E
N

m
at
ri
x
el
em

en
t
ca
lc
u
la
ti
on

w
it
h
C
T
E
Q
6l

p
ar
to
n
d
is
tr
ib
u
ti
on

fu
n
ct
io
n
s
an

d
re
n
or
m
al
iz
at
io
n
an

d

fa
ct
or
iz
at
io
n
sc
al
es

Q
=

m
(h
h
).

T
h
e
to
p
qu

ar
k
m
as
s
h
as

b
ee
n
se
t
to

m
t

=
17

3
G
eV

.

T
h
e
am

p
li
tu
d
e
of

ea
ch

d
ia
gr
am

in
F
ig
.
1
is

ch
ar
ac
te
ri
ze
d
by

a
d
i↵
er
en
t
en

er
gy

sc
al
in
g
at

la
rg
e

5

Determination 
through this 
method is 

someway off

/fb

[Contino et al]
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Other states

E

MW
MH

New resonances
Top partners?

New electroweak states at ~TeV
New coloured states (KK gluons)
Vector like fermions (top partners)
Exotic fermions
Top physics altered
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Other states

E

MW
MH

New resonances
Top partners?

New electroweak states at ~TeV
New coloured states (KK gluons)
Vector like fermions (top partners)
Exotic fermions
Top physics altered

Properties predicted in particular models, but should 
search in general, a la simplified susy models 
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The story so far...

•No large discrepancies (that we have been told about)
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One possible discrepancy?

CDF Wjj

Possible “TC” explanation 
[Eichten et al]
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CMS 2011
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36

•Event selection same as in 
WZ cross section analysis

•Smoothly falling spectrum, 
no interesting structure

•Set limit

https://twiki.cern.ch/twiki/bin/view/CMSPublic/PhysicsResultsEXO11041
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Signal region 
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the fit; to not 
bias the bkg 
modeling

      
      

Good modeling of data. Same 
procedure as in semi-leptonic 
WW+WZ analysis is used.
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The story moving on
Dijet resonance

Very important signature:

Any new particle produced in

the s channel at hadron colliders

can decay into a pair of jets!

!
!

!
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!

"
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"
"

"

######
q

q

G′ j

j

$$$$$$

Gaussian peak

. 15

Gluon’: di-jet resonances

[See B Dobrescu talk at 
ICHEP]

Scalar octet

GH: spin 0, transforms as (8,1,0) under SU(3)c×SU(2)W ×U(1)Y

SU(2)W forbids renormalizable couplings of GH to SM quarks.

Renormalizable couplings of GH to gluons are fixed by SU(3)c
gauge invariance: ⇒ production of GH occurs in pairs.

GH → gg decay occurs at one loop.

Signal: a pair of narrow gg
resonances of same mass

g

g

g

g

g

g

g

GH

GH

Also: coloron pair production → 8j

(talk by C. Kao) (talk by A. Hinzmann)

. 21

Colorons: 4-jet resonances

Vector-like quarks (T’):

QCD production of t′t′ pairs, followed by t′ decays, leads to

various final states:

(W +b)(W −b̄) usual “t′ search”

(Zt)(W −b̄) or (Zt̄)(W +b)

(ht)(W −b̄) or (ht̄)(W +b) , with h → bb̄ or h → W +W −

...

Example:

!
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!
!

!

"
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"
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q

q

g t′

t̄′

t

h
b̄

b

W +

b

W −

b̄

Higgs boson could show up in the W +W − + 4b final state!

. 25
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Colorons: 4-jet resonances

ATLAS & CMS jj resonance searches start typically at Mjj ! 1 TeV.

For Mjj < 200 GeV, limits only from UA2 & UA1.
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. 16

[Felix Yu]
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Compositeness and SUSY [Csaki, Randall and Terning]

Figure 2: Light superpartners and Higgs particles for benchmark spectra 3 and 4.

t̃1 ! N+
1 + b+W+ 100%

b̃1 ! N3 + b 80%
b̃1 ! t̃1 +W� 95%
b̃1 ! N3 + b 4%
b̃1 ! N1 + b 1%
t̃2 ! t̃1 + Z 42%
t̃2 ! b̃1 +W+ 31%
t̃2 ! N2 + t 10%
t̃2 ! C+

2 + b 8%
t̃2 ! N1 + t 4%
t̃2 ! C+

1 + b 3%
t̃2 ! N3 + t 2%

t̃1 ! N1 + c 99%
t̃1 ! N1 + u 1%
b̃1 ! t̃1 +W� 100%
t̃2 ! t̃1 + Z 28%
t̃2 ! C+

1 + b 24%
t̃2 ! b̃1 +W+ 20%
t̃2 ! N2 + t 15%
t̃2 ! N2 + t 14%

Table 6: Branching fractions for benchmark spectra 3 and 4.

22

More minimal SUSY spectrum
[Cohen, Kaplan, Nelson]

Stops and electroweakinos are light

Friday, 12 October 12



Conclusions(?)

Compositeness provides a solution to the hierarchy 
problem
Already know v/f<0.3, Higgs results soon tell us more
Many new resonances to go after
Much model building variety
Simple general searches (single production, double 
production, spin, colour reps, etc etc)
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